Metacaspases primarily associate with induction and execution of programmed cell death in protozoa, fungi and plants. In the recent past, several studies have also demonstrated cellular functions of metacaspases other than cell death in different organisms including yeast and protozoa. This study shows similar dual function for the only metacaspase of a biotrophic phytopathogen, Ustilago maydis. In addition to a conventional role in the induction of cell death, Mca1 has been demonstrated to play a key role in maintaining the quality of the cellular proteome. On one hand, Mca1 could be shown to bring about apoptosis-like phenotypic changes in U. maydis on exposure to oxidative stress, on the other hand, the protein was found to regulate cellular protein quality control. U. maydis metacaspase has been found to remain closely associated with the insoluble intracellular protein aggregates, generated during an event of stress exposure to the fungus. The study, therefore, provides direct evidence for a role of U. maydis metacaspase in the clearance of the stress-induced intracellular insoluble protein aggregates. Furthermore, host infection assays with mca1 deletion strain also revealed a role of the protein in the virulence of the fungus.
Introduction
Metacaspases are a class of cysteine proteases that cleave their substrates after an arginine/lysine residue at P 1 position (Vercammen et al., 2007) . These are found in plants, fungi and protozoa (Uren et al., 2000) . Like caspases, metacaspases also possess a conserved cysteine-histidine catalytic dyad that is required for catalysis by cysteine proteases (Uren et al., 2000) . Metacaspases play diverse functions across the kingdoms. For instance in plants, they have been found to be involved in more conventional functions associated with metacaspases or caspases, namely regulation or execution of cell death pathways (Coll et al., 2010) . Trypanosomatid metacaspases, however, lack a role in cell death regulation (Proto et al., 2013) and exhibit unconventional functions like the generation of membrane-associated pseudopeptidase virulence factors (Proto et al., 2011) . Likewise, Trypanosoma brucei metacaspases have been demonstrated to be essential for the survival of bloodstream forms of the parasite (Helms et al., 2006) . Evidence of non-cell death roles of metacaspases is also available in the fungal homologs of the protein in literature. For instance, yeast metacaspase Yca1 functions in both the induction of programmed cell death in response to oxidative stress (Madeo et al., 2002 , Khan et al., 2005 , and in clearance of insoluble protein aggregates in logarithmically growing cells (Lee et al., 2010) . Besides Saccharomyces cerevisiae, functions of metacaspases have also been explored in certain other fungi like Candida albicans (Jung and Kim, 2014) , Aspergillus flavus (Wang et al., 2014) and Podospora anserine (Hamann et al., 2007; Strobel and Osiewacz, 2013) . In most of these cases, however, metacaspase function has been found to be associated with either stress induced or age-induced apoptosis. In this study, we investigate the function of the only metacaspase Mca1 of a biotrophic fungal pathogen, Ustilago maydis that causes smut disease of maize. To our knowledge, this is the first report of the functional characterization of a metacaspase gene from a phytopathogenic fungus. Unlike most of the fungal metacaspases, Mca1
Accepted 21 September, 2017. *For correspondence. E-mail: ghosh.anupama@jcbose.ac.in; Tel. 9903888166; Fax 191-33-23553886 . demonstrated a dual role in the induction of programmed cell death and intracellular protein quality control in U. maydis on exposure to stressed conditions. A phytopathogen during its host invasion encounters a number of different defense responses. Predominant among them being oxidative stress induced by increased accumulation of reactive oxygen species at the host-pathogen interface. As metacaspases usually function in inducing cell death in response to such stress condition in vitro, we attempted to explore the similar situation in U. maydis under in-planta growth condition of the pathogen. This study, therefore, aims at understanding the function of Mca1 on the survival of the pathogen in response to varied stress conditions. In addition to oxidative stress, representing the predominant stress condition during in-planta survival of the pathogen, our study also includes heat stress that is well known for generation of intracellular insoluble protein aggregates. Data presented in this article clearly demonstrate the ability of Mca1 to remove intracellular insoluble protein aggregates irrespective of their mode of origin either from oxidative stress or heat stress. Nevertheless, the protein also exhibits role in the induction of apoptosis-like cell death phenomena on exposure of U. maydis strains to oxidative stress.
Results and discussion
U. maydis genome codes for a single metacaspase gene A search for candidate metacaspase genes in the genome of Ustilago maydis revealed one significant hit (UMAG_01408, http://pedant.helmholtz-muenchen.de/) which was named as Mca1. Mca1 protein sequence showed 51% identity with the yeast (Saccharomyces cerevisiae) metacaspase Yca1 (NCBI accession No.EDN63533.1). A primary amino acid sequence alignment of the protein with the homologs from S. cerevisiae, Magnaporthe oryzae and Arabidopsis thaliana revealed the presence of both the conserved active site histidine (H193) as well as cysteine (C249) residues (Fig. 1A) . The protein possesses a C-terminal peptidase C-14 domain spanning a region of 288 amino acids from Arg110 to Leu398 as revealed by the SMART domain analysis of Mca1 primary amino acid sequence (Fig. 1B) . The N-terminal region of the protein, however, shows a predominance of proline residues (Fig. 1A) . To further confirm the identity of the protein as a candidate metacaspase, the recombinant protein with a C-terminal 6X His tag, Mca1-6X-His was purified from the inclusion bodies of E. coli BL21DE3 cells harboring the plasmid pET28a-Mca1 (Fig. 1C ). An in-gel protease activity assay with this purified and refolded protein showed a clear band at about 50 kDa indicating a protease activity (lane 7, Fig. 1C showed about 20-fold increase in recombinant Mca1 enzymatic activity when compared to that in the absence of any metal cation (Fig. 1D ). Similar calciumdependent proteolytic activity has been previously demonstrated in both S. cerevisiae as well as Trypanosoma brucei metacaspases (Moss et al., 2007; Wong et al., 2012) . Moreover, we also studied the effect of inhibitors specific to different protease classes on the enzymatic activity of Mca1. As expected, we found that EDTA can inhibit Mca1 activity to about 20% of that in the absence of any inhibitor. However, even more, the pronounced effect could be noticed in case of E-64, where the proteolytic activity could be almost abolished completely in the presence of the inhibitor (Fig. 1E ). This confirms that Mca1 indeed belongs to cysteine protease family. Interestingly significant inhibition of proteolytic activity was noticed in case of PMSF and aprotinin which are specific inhibitors of either general serine proteases or trypsin-like serine proteases. Metacaspases with such trypsin-like serine protease activities have been reported earlier (Lee et al., 2007) . In this particular study, Nancy Lee and colleagues showed that LdMca1 and LdMca2 although involved in programmed cell death of Leishmania donovani, do not show caspase-like activities and, therefore, cannot utilize any of the caspase substrates. We also obtained a similar result with Mca1 when the recombinant protein was tested for caspase-3 like enzymatic activity. The protein was found to be completely incapable of utilizing the substrate (data not shown). These data, therefore, indicate that despite possessing a general cysteine protease activity, Mca1 possibly follows a separate mechanism of action compared to caspases. This also points toward probable unconventional non-death roles for Mca1. Accordingly a phylogenetic analysis of the sequences of metacaspases from plants, fungi and protozoa revealed that Mca1 had evolved similarly to yeast (Saccharomyces cerevisiae and Schizosaccharomyces pombe metacaspases ( Fig. 1F ) that shows dual functions.
Metacaspase deletion strain exhibits a growth defect
Metacaspases are usually associated with stress-induced cell death in many lower eukaryotes as well as in plants (Meslin et al., 2011; Coll et al., 2014; Leger et al., 2015) . These stress conditions mostly include oxidative stress induced by increased reactive oxygen species. Elevated levels of reactive oxygen species at the host-pathogen interface are most commonly noticed in many different phytopathosystems (Lamb and Dixon, 1997) . Pathogens are usually equipped with suitable effector proteins to bring down the levels of such species generated during host invasion. Like for instance the effector protein Pep1 from Ustilago maydis that inhibits POX12, a plant peroxidase during the invasion of maize tissue thereby bringing down the levels of ROS and in turn the degree of oxidative stress to the pathosystem (Hemetsberger et al., 2012) . But what would happen if this defense system fails or what if the resulting levels of ROS following effector encounter is still enough to trigger signaling pathways leading to physiological alterations in the pathogen? To understand the role of Mca1 under these situations, SG200 strain was generated that is lacking mca1 gene. The importance of the respective protein in the normal growth process of the pathogen was quite evident from the growth phenotypes of the wild-type (WT) and the deletion mutant under axenic culture conditions.
Compared to WT, SG200Dmca1 showed a growth defect.
Starting from an equal number of living cells, the deletion mutant exhibited approximately 65% reduction in the total number of live cells compared to wild type over a growth period of 9 h. This observed growth defect, however, could be well complemented on expression of a single copy of mca1 gene within the deletion background of SG200Dmca1 ( Fig. 2A) . Accordingly, the number of colonies formed in the PD plates following 9 h of growth in case of the deletion strain is much reduced compared to that of the WT strain (Fig. 2B) . The complementation strain showed a similar number of colony forming units when compared to WT strain. This data on the growth pattern of mca1 deletion strain of U. maydis SG200 indicated a possible inherent stress on SG200Dmca1 when compared to the WT strain. This gives an indication that Mca1 might play a role in the general maintenance of some basic physiological processes of U. maydis cell. An absence of the protein itself, therefore, induces a stress to the pathogen. Application of an additional environmental stress to such a stressed cell would be, therefore, expected to yield an additive effect on the growth phenotype of the deletion mutant compared to the WT cells. To assess this all the three strains SG200 WT, SG200Dmca1 and SG200Dmca1-mca1-HA were subjected to oxidative stress, and their growth patterns were noted. As expected the decrease in the growth rate in response to oxidative stress is more in the case of the deletion strain when compared to either the WT or the complementation strain. While both SG200 WT and SG200Dmca1-mca1-HA showed approximately 25% reduction in cell number following exposure to 5 mM H 2 O 2 , SG200Dmca1 showed a reduction of about 55%. Also in response to all the concentrations of H 2 O 2 ranging from 1 mM to 5 mM, the percentage of the initial cell population that is surviving following an incubation period of 1 h is always less in the deletion strain when compared to that in either the WT or the complementation strain (Fig. 2C) . Besides oxidative stress, U. maydis sporidia were subjected to heat shock at 428C for different periods of time ranging from 1 h to 5 h to study the respective effect on the growth phenotype of the pathogen. Similar to oxidative stress heat shock also led to increased loss of viability in the case of deletion strain when compared to either SG200 WT or SG200Dmca1-mca1-HA strains (Fig. 2D ). This provides further support to the hypothesis that Mca1 is indeed involved in maintaining normal cellular homeostasis.
Mca1 executes programmed cell death in U. maydis
Although our experiments on the growth pattern of different strains of U. maydis either deficient in mca1 or not indicate a possible vital function of the protein in maintaining cellular homeostasis, the exact nature of the function needs to be elucidated. Being evolutionarily very close to S. cerevisiae metacaspase Yca1 (Fig. 1F ), Mca1 can be expected to possess functional conservation with Yca1 at least to some extent. The most common function of Yca1 in S. cerevisiae as reported in the literature (Bettiga et al., 2004) involves induction of programmed cell death in response to stress. However, growth assays with either wild-type or mca1 deletion mutants of U. maydis do not indicate such a function for U. maydis metacaspase. This is because if Mca1 could have played a role in stressinduced programmed cell death of the pathogen, then one would expect increased viability of mca1 deletion strain compared to the WT strain in response to stress. However, this is apparently not the case in this study (Fig. 2C and D) . Nevertheless, we tested U. maydis SG200 wild type, SG200Dmca1 and SG200Dmca1-mca1-HA for any hallmarks of programmed cell death on exposure to different doses of H 2 O 2 (data not shown). To our surprise, we found that both SG200 wild-type and SG200Dmca1-mca1-HA showed apoptosis-like programmed cell death when exposed to very high doses of H 2 O 2 . As shown in Fig. 3A an exposure to 10 mM H 2 O 2 for 1 h resulted in extensive DNA degradation in both SG200 wild-type and mca1 complementation strain but not in SG200Dmca1 strain as revealed by TUNEL assay.
One of the hallmarks of early apoptosis is the flipping of phosphatidylserine residues from inner leaflet to the outer leaflet of the plasma membrane (Martin et al., 1995) . To further confirm a possible apoptosis-like cell death phenomenon in U. maydis we also carried out annexin V- FITC/PI staining of the U. maydis strains exposed to oxidative stress. AnnexinV-FITC specifically binds externalized phosphatidylserine thereby detecting apoptotic cells within a cell population. However, on the contrary to our expectation, we found a very atypical staining of U. maydis strains by annexinV-FITC/PI. Unlike typical ring-like staining defining the plasma membranes of the protoplasts, we obtained mostly a complete staining of the protoplasts. About 60% of the SG200 WT cells showed this atypical annexin V-FITC staining on treatment with H 2 O 2 . However, when SG200Dmca1 was similarly tested for atypical annexin V-FITC staining none of the cells were found to be stained (Fig. 3C) . Moreover, only about 5% of the total cells were found to be stained with both annexin V-FITC as well as PI in case of both SG200 WT cells as well as SG200Dmca1 indicating an intact uncompromised plasma membrane in case of the majority of the stressed cells. Nevertheless, there were very few instances where we could also find a typical annexinV-FITC staining of treated cells in case of only wild-type and mca1 complementation strains but never in the case of SG200Dmca1 strain (Fig. 3D ). The absence of typical annexin V-FITC staining and the presence of TUNEL positive nuclei, therefore, indicate toward an apoptosis-like programmed cell death in U. maydis. Mca1 probably plays a significant role in this programmed cell death pathway of U. maydis. These data indicate that although an apoptosis-like phenomenon exists in U. maydis, an inplanta stress response is probably not the major function of it. Moreover, under in vitro conditions, the amount of H 2 O 2 that is required to induce apoptosis-like programmed cell death in U. maydis is far from natural levels of ROS that the pathogen experiences during host invasion. Other possible roles of programmed cell death, therefore, could be hypothesized for the fungus. One of these might facilitate transitions between different developmental stages of the pathogen. Such involvement of programmed cell death during appressoria formation of rice blast fungus Magnaporthe grisea has been previously demonstrated. An autophagic cell death of the threecelled conidia has been shown to be linked to formation of appressoria during invasion of rice cells by the pathogen (Veneault-Fourrey et al., 2006) . Similar involvement of apoptosis-like programmed cell death during appressoria formation of U. maydis was, therefore, investigated. Appressoria formation in U. maydis is marked by induced expression of atleast four genes namely UMAG_01779, UMAG_03065, UMAG_05528 and UMAG_06332 (Mendoza-Mendoza et al., 2009). We, therefore, assayed expression of one of these genes, UMAG_01779 16 h post infection in comparison to that in axenic culture. As expected increased expression of the gene was noticed in case of wild type U. maydis strain. SG200Dmca1 also showed induced expression of UMAG_01779 during host invasion, however, not upto the level of wild type (Supporting Information Fig. S1A ). Moreover, appressoria formation was also quantified using SG200AM1 appressoria marker strain (Mendoza-Mendoza et al., 2009) . Maize plants were infected with either SG200AM1 WT or SG200AM1Dmca1 strains, and appressoria formation was quantified 16 h post infection. The percentage of fungal mycelia on plant surface showing GFP fluorescence within the hyphal tip representing appressoria were counted in case of each of the strains and plotted. As is quite evident and also expected in case SG200AM1 WT cells about 65% of the fungal mycelia show appressoria formation. In case of SG200AM1Dmca1 however, only 12% of the mycelia show appressoria formation (Supporting Information Fig. S1B ). This indicates that possibly Mca1 is involved in appressoria formation to some extent which in turn indicate a possible involvement of apoptosislike programmed cell death during appressoria formation in U. maydis. Moreover, role of programmed cell death and hence involvement of Mca1 in fragmentation of mycelia within tumors was also investigated. This is an important developmental stage of U. maydis that ultimately leads to spore formation (Banuett and Herskowitz, 1996) . Tumors in maize leaves infected with either wild type or mca1 deletion or complementation strains of U. maydis were stained with calcofluor and visualized for mycelial fragmentation. As evident in Supporting Information Fig.  S2A fragmented mycelia could be noticed in all the three cases. We also tried to quantitate the number of large tumors showing mycelial fragmentation in case of each of these infections. We found that number of tumors showing fragmented mycelia in case of SG200Dmca1 infection is much reduced when compared to either SG200 WT or SG200Dmca1-mca1-HA infections. While in case of deletion mutant only in 33% of the analyzed tumors show fragmented mycelia, in case of wild type SG200 about 80% of the tumors showed filament fragmentation (Supporting Information Fig. S2B ). Although our data indicate a possible involvement of programmed cell death in both U. maydis appressoria formation as well as mycelial fragmentation, it might not be mediated completely through apoptosis-like phenomena. We believe that other forms of programmed cell death like for instance autophagy might also be involved. Further study of the pathogenic development of U. maydis in the absence of different functional forms of programmed cell death is, therefore, needed.
Mca1 plays a role in clearance of stress-induced intracellular insoluble protein aggregates
Besides a conventional role in the induction of programmed cell death fungal metacaspases have also been shown to carry out some unconventional functions too.
Like for instance, S. cerevisiae metacaspase Yca1 has been found to be associated with the regulation of intracellular protein quality control of the organism (Lee et al., 2010) . Lee R. E. and colleagues (2010) in their study of the non-death roles of Yca1 found that it is involved in the clearance of insoluble protein aggregates. This kind of unconventional function for a fungal metacaspase can be hypothesized for U. maydis metacaspase Mca1 also. This role of Mca1 in U. maydis actually could explain the growth defect phenotype associated with SG200Dmca1 strain under both normal culture conditions as well as during exposure to oxidative stress and heat stress. Moreover, oxidative stress and heat stress both have been shown to induce an increase in intracellular protein aggregate formation in many different instances (Mirzaei and Regnier, 2008; Tyedmers et al., 2010) . To, therefore, investigate whether U. maydis metacaspase Mca1, could play a role in intracellular protein aggregate clearance, we measured total protein content in both soluble and insoluble fractions of the total cell lysate of SG200 WT, SG200Dmca1 and SG200Dmca1-mca1-HA strains under conditions of either oxidative or heat stress. The amounts of protein thus obtained in each case when compared to that of the untreated cells clearly indicated a role of Mca1 in relieving the cell from the load of stress-induced protein aggregates. As shown in Fig. 4A when U. maydis strains either deficient in mca1 (SG200Dmca1) or not (SG200 WT or SG200Dmca1-mca1-HA) were subjected to oxidative stress the total protein content of the intracellular insoluble protein fraction increased compared to that of the untreated cells. But when the degree of this increase was compared between different U. maydis strains tested it was found to vary significantly. While in the case of SG200 WT and SG200Dmca1-mca1-HA the fold change of total protein content within the insoluble fraction of treated to untreated cells is about 1.7 times each, in the case of SG200Dmca1 it is approximately 3 times. Interestingly when these strains were subjected to recover from the stress, the protein content of the insoluble protein fraction came down to the levels of that of the respective untreated cells in case of all the strains tested except SG200Dmca1. In the case of SG200Dmca1, however, the levels remained still high about 1.7 times that of the untreated cells (Fig. 4B ). These results indicate a possible role of Mca1 in clearing oxidative stress-induced intracellular insoluble protein aggregates. In the absence of Mca1, therefore, one can expect an increased amount of protein within the intracellular insoluble protein fraction of the cell. This is what is evident in the case of SG200Dmca1 strain ( Fig. 4A and B) . Similar results were evident in the case of heat stress as well. Compared to either SG200WT or SG200Dmca1-mca1-HA, SG200Dmca1 showed increased accumulation of intracellular insoluble protein aggregates when exposed to elevated temperatures of 428C for an hour. Heat stressed SG200Dmca1 cells showed about 3.75-fold increase in intracellular insoluble protein aggregate content with respect to that of untreated cells (Fig. 4C) . Neither of the wild type nor metacaspase complementation strains, however, showed such high levels of insoluble aggregates. A coomassie stained SDS-PAGE of the insoluble protein fractions from each of the three strains either untreated, treated or treated with recovery also demonstrated the said difference in the protein content (Fig. 4D) . Thus our data demonstrated that Mca1 is associated with intracellular protein aggregate clearance in U. maydis.
Cysteine protease activity of Mca1 is necessary for insoluble protein aggregate clearance
When it comes to the fate of a misfolded protein that happens to end up in an intracellular insoluble protein aggregate, the cell deploys different strategies to maintain normal protein homeostasis. One among them is the involvement of molecular chaperones. These chaperones which are primarily heat shock proteins can physically associate with the aggregated proteins leading to either their refolding to native state or redirecting them to the proteolytic machinery of the cellular protein quality control system (Chen et al., 2011) . Keeping these facts in mind if we think of a possible mechanism by which Mca1 can fit into the cellular protein quality control system of U. maydis, one hypothesis could be that the protein exploits its cysteine protease activity to degrade the misfolded aggregated proteins. This then helps the cell to maintain a steady protein homeostasis.
To check this hypothesis, we analyzed the total protein content of the insoluble fraction from SG200Dmca1-mca1 C249A -HA. This particular strain of U. maydis SG200 expresses a catalytically inactive version of Mca1 in the deletion background of the gene. In this mutant protein, an active site cysteine residue (C-249) is substituted by an alanine residue. When this particular strain was subjected to both oxidative stress and heat shock the relative protein contents of the insoluble fraction of the treated cells with respect to the untreated cells increased considerably compared to the wild type cells. In wild-type cells, the ratio of total protein content in an insoluble fraction of treated to untreated cells is about 1.7 and 2.0 in case of oxidative stress and heat shock respectively ( Fig. 4B and C) . In SG200Dmca1-mca1 C249A -HA cells, however, this ratio is found to be about 3.5 in case of oxidative stress (Fig. 5A ) and 4.3 in case of heat shock (Fig. 5B) . In either case, however, the relative protein contents of the insoluble fractions when the cells were allowed to recover from the stress remained high in comparison to that of untreated cells. The effect of Mca1 C249A on the total protein content of insoluble fraction of the respective strain is, therefore, comparable to the scenario in case of mca1 null mutant.
Mca1 exhibits differential localization to intracellular insoluble protein aggregates when exposed to stressed conditions
If Mca1 plays a role in a protease activity-dependent clearing of insoluble protein aggregates in U. maydis, it is most likely to somehow associate with the aggregates Fig. 5 . Total insoluble fraction protein content in SG200Dmca1-mca1 C249A -HA. Graphical representation of the total protein content of the insoluble fraction of SG200Dmca1-mca1 C249A -HA when subjected to either oxidative stress (A) or heat stress (B). The total protein content was measured using Bradford reagent, and the relative protein content with respect to untreated samples was plotted on the Y axis. Error bars represent standard deviation from three independent experiments. to execute the degradation function. Accordingly, during a stressed condition that increases the cellular load of insoluble protein aggregates, Mca1 could be expected to have increased migration to the insoluble protein fraction. To test this the localization of Mca1 in both the soluble and insoluble protein fractions of U. maydis strain SG200Dmca1-mca1-HA was tracked under different stress conditions by immunoblot assays using antibodies against HA tag. As is quite evident in Fig. 6A , under the normal condition when the cells are not treated with any stress the localization of Mca1 is primarily in the soluble fraction (lane 2, panel1). Interestingly when the cells are subjected to oxidative stress, Mca1 localization alters significantly. Under such a condition majority of the protein could be detected in the insoluble fraction (lane 6, panel1). This migration of the protein to the insoluble fraction is, however, found to be reversible. When the stressed cells were allowed to recover from the stress by changing the growth media to one without hydrogen peroxide, in about an hour the localization of Mca1 was traced back to predominantly within the soluble fraction (lane 8, panel1). Similar observation was obtained in case of U. maydis SG200Dmca1-mca1-HA cells subjected to heat stress. Compared to untreated cells, the localization of Mca1 was found to be mainly in the insoluble pellet fraction of the total cell protein in case of heat stressed cells (Fig.  6A, panel2, lane 6) . A recovery from the stress was found to be associated with the relocation of the protein to the soluble fraction just like in case of oxidative stress (Fig. 6A, panel 2, lane 8) . These data, therefore, provide a glimpse of possible fine regulation mechanism that controls the distribution of Mca1 between soluble and insoluble protein fractions of the cell. This regulation is, however, possibly guided by the relative total protein contents of the two fractions. Nevertheless, we were also keen to identify any amino acid sequence feature of the protein that is involved in the association of Mca1 to the intracellular insoluble protein aggregates. As already mentioned, SMART domain analysis of Mca1 revealed the presence of a C-terminal C-14 peptidase domain between amino acids Arg110-Leu398 (Fig. 1B) . The N-terminal domain, however, was found to contain a low complexity region (LCR) rich in glycine and proline residues between amino acids Gly5 and Gly69 (Fig.  6B) . LCRs usually show biased amino acid composition and significant divergence across protein families. A recent study to explore their functional significance using systems approach revealed their most probable role as binding partners across different protein-protein interaction networks within the cell. Furthermore, LCRs that are located primarily at one of the termini of the proteins could be found to be related to stress response phenomena (Coletta et al., 2010) . It is because of these facts that we conceived a hypothesis about a possible regulatory mechanism that guides Mca1 to the intracellular insoluble protein aggregates. This hypothesis predicts a probable involvement of this LCR of Mca1 in directing the protein to the aggregates possibly through its flexible interaction or association with the denatured proteins in the insoluble aggregates. In the absence of this N-terminal low complexity region, therefore, one can expect the localization of Mca1 primarily to the cytosol even under stressful conditions. Moreover, due to its lack of migration to the insoluble protein aggregates the load of total protein content within the aggregates could be expected to remain high just like in the case of mca1 deletion mutant. To this end, we attempted to generate U. maydis SG200 strain expressing Mca1 with a Cterminal HA tag and lacking N-terminal 109 amino acid residues within mca1 deletion background. But unfortunately, in this particular strain, the expression of the desired C-terminal portion of Mca1 fused to HA tag was completely undetectable through western blotting. As a result, inspired by the thought that possibly the absence of N-terminal 109 amino acid residues is somehow interfering with the stability of the protein we further generated U. maydis strain expressing Mca1 110-400 in fusion with mcherry and HA at the C-terminus. The idea behind this was that the mcherry fusion at the Cterminal part of Mca1 110-400 might bring stability to the protein. As expected, the fusion protein was now detectable at an expected molecular weight of 70 kDa. This particular strain SG200Dmca1-mca1 110-400 -mcherry-HA was then exposed to both oxidative and heat stress and the total protein contents of the insoluble fraction was estimated. As expected the total protein content of the insoluble fraction of SG200Dmca1-mca1 110-400 -mcherry-HA when exposed to both oxidative and heat stress were found to be much higher compared to that of SG200 WT when exposed to similar stress conditions. In case of SG200Dmca1-mca1 110-400 -mcherry-HA, the ratio of total protein content of insoluble fraction in hydrogen peroxide-treated to untreated is about 2.8 times (Fig. 6C ). Heat stress also yields similar results with the ratio being about 3.5 (Fig. 6D) . When compared to SG200 WT strain, however, that shows these ratios to be 1.7 and 2.0 respectively (Fig. 4B and C ) above data clearly indicates the inability of Mca1 lacking Nterminal LCR to bring down the total protein load of the intracellular insoluble aggregates. Mca1 110-400 -mcherry-HA was further checked for conserved cysteine protease activity through immunoprecipitation accompanied by azocasein degradation assay (Supporting Information  Fig. S3 ). This excluded the possibility that the lack of intracellular aggregate clearance activity of Mca1 110-400 -mcherry-HA is due to enzymatic inactivation of the protein. Therefore, to confirm whether this inability of SG200Dmca1-mca1 110-400 -mcherry-HA is due to defective migration of Mca1 to insoluble aggregates we investigated the distribution of Mca1 110-400 within the soluble and insoluble protein fractions of the cell exposed to either oxidative or heat stress. We found that indeed the localization of the truncated protein is altered in case of SG200Dmca1-mca1 110-400 -mcherry-HA cells exposed to oxidative stress. In these cells, Mca1 110-400 -mcherry-HA was found to be primarily localized within the soluble fraction (Fig. 6E, panel 1, lane 5) . This is similar to the localization pattern of the said protein in both untreated SG200Dmca1-mca1 110-400 -mcherry-HAcells as well as cells which were treated and then allowed to recover from the stress. On the contrary, in case of heat stressed SG200Dmca1-mca1 110-400 -mcherry-HA similar results could not be obtained. In this case the protein showed increased localization within the insoluble aggregate on heat stress. (Fig. 6E, panel 2, lane 6) . One of the possible reasons behind this apparently contradictory result associated with the heat stress dependent migration of Mca1 110-400 -mcherry-HA to the intracellular insoluble protein aggregates could be thermal instability associated with the Mca1 110-400 . It is this heat stressed induced denaturation of Mca1 110-400 that is possibly leading the fusion protein Mca1 110-400 -mcherry-HA to the intracellular insoluble aggregates. Moreover, it is most likely that this denatured form of the protein is enzymatically inactive. This in turn explains the observed increased total protein load of the intracellular insoluble aggregate in treated cells (Fig. 6D) . This is because if the insoluble fraction localized Mca1 110-400 -mcherry-HA would have been enzymatically active, the insoluble aggregate protein content in case of heat stressed SG200Dmca1-mca1 110-400 -mcherry-HA cells should have been about 2.2 folds of that of the untreated cells just like in case of wild type cells (Fig.  4C, SG200 WT, T) . On the contrary the fold change of the insoluble fraction protein content between heat stressed and unstressed SG200Dmca1-mca1 110-400 -mcherry-HA is 3.5 which is about 1.5 times of that of the wild type. Therefore, despite being localized within the insoluble protein aggregate fraction, Mca1 110-400 -mcherry-HA is incapable of bringing down the total protein load of the insoluble protein aggregate within respective cell when subjected to heat stress. This provides further support to our hypothesis that heat stress is irreversibly denaturing Mca1 110-400 -mcherry-HA leading to its inactivation and localization within the insoluble protein aggregate fraction. Further support for our hypothesis concerning the role of N-terminal 109 amino acid of Mca1 being responsible for association of the protein to insoluble protein aggregate fraction of the stressed U. maydis cells is provided by microscopic analysis of U. maydis SG200 strains expressing either Mca1-mcherry-HA or Mca1 1-109 -mcherry-HA under the control of constitutively active otef promotor. Under normal growth condition, the fluorescence associated with the fusion protein in SG200-mca1-mcherry-HA could be detected as a uniform spread across the cells (Fig. 7,  lane 1, upper panel) . This distribution pattern of the fluorescence signal associated with SG200-mca1-mcherry-HA strain is nearly similar to that of SG200-mcherry-HA strain expressing mcherry alone (Fig. 7, lane 1, lower  panel) . However, when SG200-mca1-mcherry-HA is exposed to different stress conditions like heat stress and oxidative stress the localization pattern of the Mca1-mcherry-HA fusion protein changed considerably. Under these conditions, the fusion protein could be detected primarily in discrete puncta (Fig. 7, lanes 2 and  3, upper panel) . Although a cytoplasmic hue of the fluorescent signal could also be detected in these cells, the intensity of that is much less compared to the untreated cells. This particular pattern of the fluorescence signal is, however, totally dependent on the stress conditions applied as the normal uniform distribution of the signal could be obtained if the cells were allowed to recover from the stress (Fig. 6, lanes 4 and 5, panel 1 ). This change in the localization of fluorescence signal associated with mcherry could never be observed in SG200 strain expressing mcherry alone (Fig. 7 , lanes 2 and 3, lower panel) further indicating a specific localization of Mca1-mcherry to unique structures within the stressed cells. Although at this stage of our study we are unaware of the exact nature of these structures from our experiments we can conclude that possibly these are associated with the accumulation of intracellular insoluble protein aggregates. Furthermore, the localization of Mca1 1-109 -mcherry-HA in SG200Dmca1-mca1 1-109 -mcherry-HA cells exposed to oxidative stress was found to be very similar to that of the Mca1-mcherry-HA. In these cells, the fluorescence signal could be obtained primarily within discrete puncta (Fig. 8, lane 2, upper panel) . However, similar distribution of signal could not be obtained in case of SG200Dmca1-mca1 110-400 -mcherry-HA cells exposed to oxidative stress. In this case, the fluorescent signal could be obtained throughout the cell (Fig.  8 , lane 2 lower panel). These microscopic observations provided further support to our hypothesis regarding the role of N-terminal part of U. maydis Mca1 in the association of the protein to the insoluble intracellular aggregates.
Metacaspase deletion strain shows reduced pathogenicity
During a host-pathogen interaction, both the host and the pathogen are exposed predominantly to oxidative stress. Under these circumstances, any protein that aids in maintaining the normal cellular homeostasis of the cell could be expected to have an effect on its pathogenicity. To test this hypothesis, a pathogenicity assay was performed with U. maydis SG200 WT, mca1 deletion, and complementation strains. As expected for a protein with a role in such vital cellular function like maintenance of protein homeostasis, mca1 deletion strain showed reduced pathogenesis (Fig. 9 ) when compared to that of the WT SG200 strain. The vigor of pathogenesis, however, could be enhanced almost up to the level of the WT cells on expression of mca1 gene within the deletion background. Also consistent with our hypothesis both the N-terminal and C-terminal truncates of the protein that is Mca1 110-400 -mcherry-HA and Mca1 1-109 -mcherry-HA were found to be incapable of complementing the reduced pathogenicity phenotype associated with the mca1 deletion strain. Likewise, the enzymatically inactive version of Mca1 was also unable to complement the pathogenicity defect associated with the SG200Dmca1 strain (Fig. 9) . Taken together these data indicate that both the cysteine protease activity as well as the N-terminal 1-109 amino acid region of Mca1 is necessary for combating the in-planta oxidative stress in U. maydis during host invasion.
Conclusion
Our study reveals a novel function of U. maydis metacaspase in the maintenance of intracellular protein homeostasis. Nevertheless, we could also demonstrate a role of Mca1 in stress-induced programmed cell death of U. maydis only at very high doses of H 2 O 2 . However, at this point of our study, the molecular switch that might regulate the dual function of Mca1 is not clear to us. Also, this role of Mca1 in the clearance of intracellular insoluble protein aggregates is definitely an addition to the many well-established cellular systems for aggregate clearance that involves mainly chaperones (Chen et al., 2011) . Why U. maydis needs yet another system to get rid of the stress-induced intracellular insoluble protein aggregates is a very intriguing question to solve. Moreover, further study is indeed needed to elucidate the detailed mechanisms that regulate the N-terminal domain-dependent association of the protein with the intracellular insoluble protein aggregates and their subsequent clearance. Also, estimation of candidate substrates of Mca1 might also shed light on its mechanism of action both as an inducer of programmed cell death as well as a regulator of cellular protein homeostasis.
Experimental procedures
Strains U. maydis strains, SG200 (Kamper et al., 2006) and its derivatives are used throughout the study. Maize plants of the variety Early Golden Bantam (EGB) were used for all the infection assays. E. coli strain XL1 Blue and BL21DE3 were used for cloning and recombinant protein expression respectively. Supporting Information Table S1 lists all the strains used in this study. U. maydis strains expressing different forms of mca1 gene were constructed through the integration of p123 derived respective plasmids within the ip locus of U. maydis genome as described previously (Loubradou et al., 2001) . For generation of mca1 deletion strain of U. maydis SG200, PCR-based strategy described by Kamper (Kamper, 2004) and sfiI insertion cassette system (Brachmann et al., 2004) were used.
Plasmid construction
Standard molecular cloning techniques were used to generate all the plasmids used in this study. The cloning strategies and the respective primers are listed in Supporting  Information Tables S2 and S3 respectively.
Plant infections
To check the pathogenicity of different U. maydis strains, the respective strains were first grown in YEPSL media (0.4% yeast extract, 0.4% tryptone, 2% sucrose) till OD 600 reached 0.8. Following this, the cells were harvested and resuspended in sterile water to a final OD 600 of 1.0. These cell suspensions were then used to infect 7 days old seedlings of EGB using syringe infection. Following infection, the plants were allowed to grow for 12 days, and the disease symptoms were scored after that as per the disease rating criteria described by Kamper and colleagues (2006) . Three independent experiments were performed for each infection. The percentage of plants showing each of the four categories of symptoms over the total number of plants infected with a particular strain is calculated from each experiment. The average of these values was then plotted with error bars represented by the standard deviation of the data from three independent experiments. For each biological replicate for each strain, atleast 40-50 plants were infected. Individual datasets for each of the U. maydis mutants and the complementation strain tested was compared to that of wild type strain for statistical significance using student t-test and the significance level was set to p < 0.05.
Growth assay
The growth rate of different U. maydis strains was assayed through monitoring the number of live cells present in the culture at regular intervals of time over an incubation period of 9 h. U. maydis strains, SG200 WT, SG200Dmca1 and SG200Dmca1-mca1-HA, were inoculated in Potato Dextrose (PD) Broth at a final OD 600 of 0.2. The respective cultures were then grown for 9 h at 288C under shaking condition (200 rpm). At regular intervals of 1.5 h, the cells from the culture were plated onto PD agar plates at different dilutions (1:10-1:10 4 ). These plates were then incubated at 288C for 48 h following which the number of colonies appeared was counted, and the number of live cells in the original culture was calculated. A graph of number of live cells against incubation time was then plotted to represent the change in growth rate of different U. maydis strains studied.
Oxidative and heat stress treatments of U. maydis strains U. maydis strains were exposed to oxidative stress through treatment with 1-5 mM H 2 O 2 as described in Ghosh and Raha (2015) (Ghosh, 2014) . Briefly, the cells were grown in YEPSL media till OD 600 reached 0.8. At this stage, the cell cultures were treated with desired concentration of H 2 O 2 and incubated for 1 h. Following this incubation the different dilutions of the cultures ranging from 1:10 to 1:10 4 were plated for assessing the colony forming units present per culture. To subject different strains of U. maydis to heat stress the desired strains were incubated at 428C for different periods of time. Recovery from either of the stresses was accessed by growing the cells at 378C for 2 h. In the case of H 2 O 2 treated cells, recovery growth was carried out in the absence of hydrogen peroxide in the growth media.
SDS-PAGE analysis of protein aggregates
Soluble and insoluble aggregate fractions of U. maydis total cell proteins were collected as described previously by Lee Fig. 9 . Pathogenicity assay with indicated strains of U. maydis.1 week old seedlings of Zea mays was infected with indicated strains of U. maydis. Disease symptoms were scored 12 days post infection (dpi) and compared to that of SG200 wild-type strain (SG200 WT). Disease symptom categories are depicted on the right. Mean value of data from three independent infections is shown for each strain. Error bars represent standard deviation. et al. (Lee et al., 2010) . Briefly, indicated strains of U. maydis were freshly grown in YEPSL media till OD 600 reached 1.0. At this point total cell count of each of the cultures were determined and based on that equal number of cells from each of the cultures was harvested and stored at 2808C at least overnight. These pellets were then lysed in equal volumes of lysing buffer (50 mM Tris, pH 7.4, 1 mM EDTA, 0.1% Triton X-100) supplemented with 5 mM sodium orthovanadate, 1 mM PMSF and acid washed glass beads (SigmaAldrich). Total cell lysates were obtained through vortexing of the above-mentioned cell suspension at 2000 rpm for 20 min with 1 min on and 1 min off cycles. The resulting suspension was then centrifuged at 2000 g to remove cell debris. The supernatant thus obtained was named as total cell lysate (TCL). The protein content of the TCL from different samples was determined, and equal amounts were taken for further steps. TCL was centrifuged at 17 000 g for 15 min at 48C. The supernatant was collected and marked as the soluble fraction. The pellet was further washed with lysing buffer supplemented with 10% Triton X-100. The final pellet was then re-suspended in 13 SDS-PAGE loading dye and boiled for 5 min. The boiled samples were centrifuged at 13 000 g for 2 min. The supernatant was collected and used for SDS-PAGE or western blot analyses. For the analysis of proteins present in soluble fraction and TCL desired amounts of the samples were directly boiled with 43 SDS-PAGE loading dye for 5 min. The boiled samples were either loaded immediately on SDS-PAGE gels or stored at 2808C freezer until further use.
Western blot analysis
For western blot analysis, protein samples separated on SDS-PAGE were transferred to PVDF membrane in a semidry blot chamber. Following transfer, the blots were blocked with 5% skim milk in TBST (20 mM TrisHCl, 137 mM NaCl, pH: 7.6, 0.1% Tween 20) for 2 h at room temperature. For the detection of Mca1 variants with HA tag the blots were incubated in 1:2000 dilution of rabbit anti-HA antibody at 48C overnight. A goat anti-rabbit IgG conjugated to horseradish peroxidase at a dilution of 1:2500 was then used to detect the primary antibody in the blot. For chemiluminescence detection, Novex-ECL detection kit from Invitrogen was used. All the antibodies used in this study are from Cell Signaling Technology.
Confocal microscopy
A TCS-SP7 confocal microscope from Leica Microsystems is used throughout the study. U. maydis strains expressing either mcherry alone or mcherry in fusion with Mca1 were mounted on water and observed under 603 oil immersion objective. For detection of mcherry fluorescence, an excitation wavelength of 587 nm and an emission wavelength of 610 nm was used.
Purification and refolding of recombinant Mca1-6XHis E. coli BL21DE3 strain transformed with pET28a-mca1 was grown till OD 600 reached 0.6. At this point, the cells in the culture were induced for recombinant Mca1-6XHis expression using 1 mM IPTG. The induction was carried out for 3 h following which the cells were collected and lysed in buffer A (50 mM Tris pH8.0, 150 mM NaCl) supplemented with 1 mM PMSF and 1 mg/ml lysozyme. The lysis was carried out in a sonicator by applying 10 cycles of 10 s pulse and 1 min gap in between. The lysed sample was centrifuged at 15 000 g for 30 min, and the pellet was collected and washed once with the lysis buffer. The final pellet representing the inclusion body fraction was solubilized in 8 M urea in buffer A. The solubilized inclusion body was then passed through a Ni-NTA agarose column that binds specifically the 6X His-tagged Mca1. Following binding, the bound protein was washed stepwise with refolding buffer that is buffer A supplemented with decreasing concentration of urea (8 M, 6 M, 4 M, 2 M, 1 M). The column was washed finally with buffer B (50 mM Tris pH8.0 and 100 mM NaCl) before elution with 500 mM imidazole in buffer B. The recombinant protein thus purified and refolded was dialyzed against buffer B so as to get rid of the imidazole.
In gel protease assay (gelatin zymography)
In gel protease activity of recombinant Mca1-6X His was carried out as described earlier (Ghosh and Raha, 2015) . Briefly, the purified and refolded protein following dialysis was run on a 10% SDS-PAGE copolymerized with 0.1% gelatin. The gel was then incubated in 2.5% Triton X 100 in water for 1 h under mild shaking condition. This was followed by incubation of the gel in activation buffer containing 100 mM sodium acetate pH 5.2, 1% Triton X 100, 20 mM DTT and 10 mM CaCl 2 overnight at 378C. The activity bands were then visualized by staining the gel with coomassie brilliant blue staining solution. Protease activity could be observed as white bands in a blue background. For cysteine protease inhibition assay the protein was incubated with 10 mM E-64 for 10 min at 378C before separation in substrate gel as described above.
Assay of protease activity
Proteolytic activity of Mca1 was determined by a spectrophotometric assay using azocasein as the substrate as previously described (Ghosh and Raha, 2015) . Briefly, 5 mg of purified and refolded recombinant Mca1 was incubated in 500 ml of 0.1 M citric acid, 0.2 M Na 2 HPO 4 , pH 7.0 buffer containing 6.5 mg/ml azocasein at 37˚C for 30 min. For testing the metal cofactor dependence of Mca1 enzymatic activity, the reaction mixture was also supplemented with either MgCl 2 , MnCl 2 , CaCl 2 or ZnCl 2 at a final concentration of 5 mM. Reactions were finally stopped by addition of 500 ml of 20% (w/v) trichloroacetic acid (TCA) followed by incubation at 48C for 10 min. Samples were then centrifuged at 10 000 g for 15 min and absorbance of the supernatants were immediately determined at 440 nm. For calculating the enzymatic activity of the protease the value of E 1% was considered as 35. One unit of proteolytic activity was defined as amount of enzyme releasing 1 mg of azocasein per min. For inhibitor assay, recombinant protein was incubated with either 1 mM PMSF, 1 mM Pepstatin, 1 mM EDTA, 1 mM E-64 or 1 mM aprotinin for 30 min prior to incubation with azocasein assay buffer.
TUNEL assay
TUNEL assay was carried out using In situ cell death detection kit (Sigma) following manufacturer's protocol. Briefly suitably treated U. maydis cells were collected and washed in SCS (20 mM Sodium citrate pH 5.8, 1 M Sorbitol) buffer once. Following this, partial protoplastation was induced in the washed cells through incubation of the cells in SCS buffer supplemented with 10 mg/ml Lysing enzyme for about 30 min. The cells were then washed three times with SCS buffer and once with STC (100 mM CaCl 2, 10 mM Tris-Cl pH 7.5. 1 M Sorbitol) buffer. Washed and partially protoplasted cells were then incubated with 2% paraformaldehyde, for 1 h, washed with SCS buffer and stored at 48C overnight. The fixed cells were then centrifuged and washed with 13 phosphate buffered saline (13 PBS), pH 7.4. After that the cells were resuspended in permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) and kept in ice for 5 min. The cells were washed twice in 13 PBS and incubated with 50 ll of TUNEL Reaction Mixture at 378C for 1 h in dark. The cells were then washed twice with 13 PBS and observed with a confocal microscope. Fluorescein was excited at 488 nm and detected at 530-550 nm.
AnnexinV-FITC staining
For annexin V-FITC staining to detect phosphatidylserine externalization in either untreated or stressed cells was carried out using Annexin V-FITC Apoptosis Detection kit (SIGMA) following manufacturer's protocol. Briefly, the cells were first induced for complete protoplastation using Lysing enzyme as described above. These protoplasts were then incubated in 13 binding buffer (103 buffer stock: 100 mM HEPES/NaOH, pH 7.5, 1.4 M NaCl, 25 mM CaCl 2 ) supplemented with 5 ll of Annexin V FITC conjugate and 10 ml of propidium 5 min in the dark at room temperature. Following this, the cells were analyzed with a confocal microscope. FITC was excited at 488 nm and detected at 530-550 nm. PI was excited at 535 nm and detected at 605-615 nm.
